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Abstract 
We present a technique to fabricate high spatial resolution and cost-effective X-ray/gamma-ray detectors using 
silicon photomultipliers (SiPMs) and microcolumnar structured CsI:Tl scintillator. SiPMs were placed inside a 
vacuum chamber and physical vapor deposition was used to directly deposit CsI:Tl onto the active surface of SiPMs. 
This approach leads to improved light transport from the scintillation material to the photodetector due to minimal 
light loss and light spread. Devices made by this technique may be used for gamma- and X-ray photon counting and 
imaging. Scanning electron micrographs show highly oriented microcolumnar CsI:Tl structure orthogonal to the 
SiPMs’ surface. These microcolumnar structures are excellent for channeling scintillation light to the SiPM and 
provide sub-macro-pixel resolution. We report the performance characteristics of the resultant detector in terms of 
position sensitivity, optical crosstalk, and signal-to-noise ratio. The performance of the detector fabricated in this 
manner is evaluated against other methods of coupling CsI:Tl scintillators to SiPMs. 
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1. Introduction 
There are a variety of applications where high-performance detector systems are in great demand. 
However, there is always a tradeoff between high energy resolution, high spatial resolution, and high 
sensitivity. Much attention has been dedicated to low- to mid-energy ranges in gamma- and X-ray 
imaging and photon counting. These areas of research have imposed a variety of requirements, such as 
high speed and high spatial and energy resolution; and meeting all of these requirements is hard to 
achieve and normally necessitates expensive approaches. During the past decades, indirect conversion 
detectors have received much attention in order to replace the radiographic films traditionally used for 
imaging purposes. This indirect method of detection is based on converting incident X- or gamma-rays 
into scintillation photons, which is then detected by the photodetectors. A traditional tradeoff between 
achieving high X- or gamma-ray absorption and achieving good spatial resolution performance in a 
scintillator exist. Structured scintillators are the most effective solution to achieve high spatial resolution 
as well as high sensitivity to incident gamma- or X-rays. Among the various methods used for obtaining 
structured scintillators, vacuum-deposited microcolumnar films have been found highly appropriate in 
designing radiographic screens. Nagarkar et al [1-2] have developed methods to fabricate columnar-
structured scintillators using a vacuum deposition process since the 1990s. The columnar structure 
improves the channeling of the scintillation light and enables use of thicker scintillators, which maximizes 
sensitivity without degrading spatial resolution. Scintillation material growth by vacuum deposition is 
cost-effective compared to other methods for scintillator growth. In single crystal growth, the system is 
driven to the thermodynamically stable state by equilibrium processes, which can take days or weeks. On 
the other hand, in vacuum deposition, the system is forced into a thermodynamically meta-stable state in a 
matter of hours. Single crystal growth is based on closed system, high temperature and pressure melt 
techniques that require high purity raw materials. On the other hand, vacuum deposition process is self-
purifying and tolerates lower grade raw material. Furthermore, traditionally grown scintillators need fine 
pixelation to achieve high-resolution, which may be labor-intensive and material yield issues can make it 
expensive. The vacuum deposition process yields scintillators with microcolumnar structure that does not 
require further pixelation. For these reasons, vacuum deposition is an attractive approach for high-
resolution, low- to mid-energy X-ray imaging applications. 
While a variety of light sensors are commercially available, we utilized silicon photomultipliers 
(SiPM) for the detector under study. SiPMs have been drawing increasing attention in various fields of 
physics and medical sciences. Such devices are also referred to as Solid-State PhotomultipliersTM 
(SSPMTM; a development of Radiation Monitoring Devices, Inc.), multi-pixel photon counters (MPPC; 
Hamamatsu Photonics K.K.), and Geiger mode avalanche photodiodes (G-APD) [3-7]. SiPMs have 
earned this attention because of their potential advantages over traditional PMTs, mainly due to their 
insensitivity to magnetic fields, high total quantum efficiency comparable to PMTs, low bias supply, high 
gain, fast timing characteristics, and small footprint. They are also relatively low-cost devices, which can 
play an important role where large numbers of such devices are required, such as in clinical Positron 
Emission Tomography (PET). Using SiPMs is not limited to nuclear medicine and includes a wide range 
of applications such as high-energy physics, molecular and material studies using synchrotron radiation, 
quantum optics, photon counting, fluorescence spectroscopy, and munitions inspections [8-15]. An SiPM 
consists of many (~103 mm-2) microcells (a.k.a. micro-pixels), reverse-biased slightly above the 
breakdown voltage and working independently as photon counters in Geiger mode. Microcells are 
connected to each other in parallel via active or passive quenching circuits. Therefore, the output signal of 
the SiPM is the sum of signals from the number of microcells fired by light photons. 
Combining the SiPM technology with the microcolumnar scintillator technology would be a 
considerable step towards the development of low-cost, high-performance photon counting X- and 
gamma-ray detectors. 
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2. Detector Design 
Vapor deposition of scintillation materials generally falls under the category of thick film deposition, 
where thicknesses can range from 1 μm to 2 cm, depending on specific application requirements. The 
structure zone (SZ) models proposed by Movchan & Demchishin [16] and Thornton [17] are good 
predictors of microstructural evolution of thick films. Movchan-Demchishin’s structure-zone model 
predicts three structural forms, or zones, as functions of T/Tm, where T is the substrate temperature and 
Tm is the evaporated material’s melting point (Fig. 1).  
In this study, CsI:Tl was deposited onto various substrates using deposition parameters of zone two. 
Commercially available SiPMs from SensL (Cork, Ireland) [18] of various sizes and configurations were 
also used in the deposition experiment. Special holders were designed in order to hold the devices in 
place in the vacuum chamber. The scintillator was deposited on the SiPMs using the protocols developed 
for the microcolumnar growth of CsI:Tl [1-2].  
Physical examination of the detectors after deposition showed a very uniform deposition. The thickness 
of deposited CsI:Tl for all the samples in the vacuum chamber was measured as 0.75 mm. The columns 
are highly oriented and orthogonal to the surface of the substrate (Fig. 2). All the SiPM channels were 
fully functional after the vacuum deposition process. This is a significant result that shows the SiPMs 
were able to withstand the thermal and physical stresses of the deposition process. 
SensL Array4 SiPM comprises an array of 4×4 macro-pixels, each 3.0 mm × 3.0 mm in area and 3.36 mm 
pitch. Each macro-pixel comprises 3640 microcells, where each microcell measures 50 m × 50 m. 
Specifications of the SiPM array are given in Table 1. 
 
Fig. 1. Structure-zone model characteristics of the three basic structural zones in cross-section. The ratio of substrate temperature T to 
evaporated material melting temperature Tm increases from Zone 1 to Zone 3. The insets are SEM cross sections of RMD’s CsI:Tl 
scintillator films exhibiting temperature-dependent evolution of its microstructure. The top and bottom SEM rows are showing the top 
and side views, respectively.  
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Fig. 2. Scanning electron micrographs of 0.75 mm thick microcolumnar CsI:Tl vapor deposited on a graphite substrate; (a) top 
view, (b) side, (c) side zoomed in view from the top of microcolumns, and (d) side zoomed in view of the beginning of the 
microcolumns growth. Microcolumns are ~10 m diameter. 
 
Room 
light 
UV light 
 
Fig. 3. Photos of the Sensl SPM and Sensl Array4 devices coated with 0.75 mm thick CsI:Tl scintillator.  
 
 
Table 1. Specifications of SensL Array4 SiPM 
Parameter Typical Value 
Number of pixels 16 
Pixel pitch 3.36 mm 
Fill factor 54 % 
Number of microcells 3640 
Optical response uniformity < ± 10 % 
Spectral range 400 - 1000 nm 
Peak sensitivity wavelength 490 nm 
Epoxy thickness < 500 m 
Epoxy refractive index 1.5318 @ 589 nm
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3. Detector Performance 
formance characteristics of these directly deposited scintillator SiPM 
r combinations using SiPMs, such as monolithic and pixelated scintillators. A 
m
g its optical crosstalk, position resolution, and signal-to-noise ratio 
(S
he targeted macro-pixel divided by the sum of counts i ther macro-pixels. A highly collimated 57Co 
source was scanned across the macro-pixels using a precision linear stage for position resolution. 
we used a ~1 mm diameter 
co mated 57Co source illuminating one SiPM macro-pixel, while recording the total counts for 8 macro-
pi
We evaluated the per
configurations against othe
onolithic crystal with the same cross-sectional size and thickness (13.0 × 13.0 × 0.75 mm3) and a 2.0 mm 
thick laser-pixelated scintillator with 500 m pixel pitch were selected. The laser-pixelated scintillator 
lose its structural integrity after the laser cutting process, hence it was optically glued onto a fiberoptic 
faceplate prior to pixelation [19].  
In this paper, we report first results of the performance of the fabricated microcolumnar structured 
CsI:Tl/SiPM detector, by studyin
NR), and objectively comparing it to other commonly used scintillator/SiPM configurations. Ideally, 
one should compare above mentioned scintillators with the same thickness; however due to unavailability 
of 0.75 mm thick laser-pixelated CsI:Tl, we used the 2.0 mm thick laser-pixelated as reference and 
extrapolate its results to 0.75 mm pixelated scintillator directly coupled to SiPM. It should be noted that 
all experiments were carried out at room temperature, and no temperature feedback control was used to 
correct for the related known effects on SiPM performance [15]. 
 
 
Fig. 4: Schematics of the setups used for measuring (a) optical crosstalk and (b) position resolution. We define crosstalk ratio as 
the number of co
a b
unts in t n o
 
To measure the optical crosstalk for different CsI:Tl/SiPM configurations, 
lli
xels (two rows in the SiPM array). A schematic of the experiment is shown in Fig. 4a. The distance 
between the source and the detector face was 1 cm. All 8 channels were threshold adjusted above the dark 
noise level. Data acquisition time was 10 minutes for each macro-pixel. We define the optical crosstalk 
ratio as the number of counts in the targeted macro-pixel divided by the sum of counts in other macro-
pixels. Table 2 summarizes the optical cross-talk ratio for the three CsI:Tl/SiPM configurations. The 
detector with laser-pixelated scintillator has a better performance comparing to the one with 
microcolumnar structured scintillator. It can be explained by the fact that columns in the fiberoptic 
faceplates are ~10 m diameter, which does not let the scintillation light spread further. On the other 
hand, an amorphous layer exist between the microcolumnar CsI:Tl and the SiPM (Figure 2d). The 
presence of this layer hinders the light transport from the CsI:Tl microcolumns to the SiPM and results in 
larger light spread and worsens the SNR. In case of a thinner laser-pixelated scintillator directly coupled 
to SiPM, we would have expected a cross-talk ratio smaller than or comparable to that of the directly 
deposited microcolumnar scintillator. 
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Table 2. Optical cross-talk ratio of different CsI:Tl/SiPM configurations. 
Scintillator Optical  
    type Cross-talk ratio 
Directly deposited microcolumnar 10.9 
Laser pixelated (500 microns pixels)* 21.2 
Monolithic (0.75 mm thick) 1.9 
  * Laser-pix pled to SiPM gh fiberoptic faceplate. 
 
re a highly 
co
st
 (mm) 
elated sample was 2.6x thicker and cou  throu
Fig. 4b shows the schematic of the setup used for measuring position resolution whe
imated ll 57Co source was moved across the surface of CsI:Tl/SiPM detectors using a precision linear 
age. The step size was equal to one-tenth of the macro-pixel pitch, i.e., 0.336 mm. The aperture cross-
sectional size of the collimator was 0.4 mm × 0.4 mm. Counts were recorded for 600 seconds for dark and 
flood scans, for normalization calculations, and 120 seconds per step for position resolution 
measurements. Table 3 gives the results for the three detectors. The detector with directly deposited 
CsI:Tl outperforms those with laser-pixelated and monolithic CsI:Tl. This higher-spatial resolution of 
microcolumnar is expected because of morphology of the scintillator where the columns channel the 
scintillation light down to the SiPM surface. One would expect a worse position resolution for the 
detector with laser-pixelated scintillator directly coupled to SiPM. In fact, the fiberoptics avoid the larger 
spread of scintillation light and hence improve the position resolution.  
 
Table 3. Position resolution of different CsI:Tl/SiPM configurations. 
Scintillator  type FWHM
Directly deposited microcolumnar 3.45 
Laser pixelated (500 microns pixels) * 3.50 
Monolithic (0.75 mm thick) 3.88 
* Laser-pix upled to SiPM thr  
 
Two radioisoto s: 57Co (122 
keV), and 241Am (60 keV). The preamplifier output was fed from a macro-pixel di ly into an 
os
Scintillator  type SNR, 57Co SNR, 241Am 
elated sample was 2.6x thicker and co ough fiberoptic faceplate.
pes were used for measuring the SNR for all CsI:Tl/SiPM configuration
rect
cilloscope; then a total number of 200 pulses were acquired. The average of the maximum (peak) 
values of all pulses was then calculated as the pulse height for a specific CsI:Tl/SiPM exposed to a 
specific source and divided by the average value for dark noise. It should be noted that to acquire dark 
noise counts, no threshold level was used while for acquiring signals as a response to radioactive sources, 
a threshold was set above the dark noise level. The results are presented in Table 4 where directly 
deposited microcolumnar provides a greater SNR value compared to the two other detectors. This result is 
of great importance since only the detector with directly deposited CsI:Tl has SNR larger than 2 for 
241Am. The reason for this poor performance of laser-pixelated detector may be explained by light 
absorption in the optical fibers and by some defects in the array. These reduce the number of scintillation 
photons, and hence worsen the measured SNR. We believe that the laser-pixelated scintillator without 
fiberoptic will yield a higher SNR but still smaller than microcolumnar structured scintillator. The reason 
can be explained by the fact that microcolumns tend to channel more scintillation light towards to SiPM.    
 
Table 4. SNR of different CsI:Tl/SiPM configurations exposed to 241Am and 57Co. 
Directly deposited microcolumnar 3.70 2.43 
Laser pixelated (500 microns pixels) 2.38* 1.81 
Monolithic (0.75 mm thick) 2.53 1.98 
* er and coupled to SiPM through fiberoptic faceplate. Laser-pixelated sample was 2.6x thick
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4. Conclusion 
 
how that microcolumnar CsI:Tl in combination with SiPM outperforms mo lithic-based 
etectors in all figures of merit. Furthermore, it is observed that microcolumnar structure-based detector 
pe
hat the trend of the observed performance of the CsI:Tl/SiPM 
de
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rforms better than or comparable to the one with laser-pixelated scintillator. Superior performance of 
microcolumnar scintillator may be achievable with smaller SiPM macro-pixels where one can exploit the 
full advantage of light channeling along the microcolumns. Higher spatial resolution may also be 
achieved by using position sensitive SiPMs. Further work is under way to fully characterize the fabricated 
detector including energy resolution and counting rate capability under high flux X-rays. We conclude 
that a microcolumnar structured CsI:Tl scintillator provides a high-performance, yet cost-effective 
detector. These advantages of microcolumnar structure can be accompanied by the further advantage of 
direct deposition of the scintillator, eliminating the need for optical coupling between the scintillator and 
the photodetector. However, the deposition of microcolumnar CsI:Tl onto an SiPM in our study resulted 
in having an amorphous layer at the base of the growing microcolumns on the SiPM substrate. This can 
decrease the light channeling property of the microcolumns, which results in some larger optical cross-
talk and light spread. It should be mentioned that we have previously devised a deposition technique 
where an amorphous layer is not present. 
This method can yield effective detectors for detecting individual X-rays and gamma-rays with energy 
discrimination capability. It is expected t
tector using a SensL SiPM demonstrated in this study would be similar using other SiPM sensors, 
including the Hamamatsu MPPC and RMD SSPM. 
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